Background {#Sec1}
==========

A keloid caused by any traumatic stimulus is characterized by hyperproliferation of fibroblasts, excessive deposition of extracellular matrix (ECM), including collagen 1 (COL1) and collagen 3 (COL3), and constant invasion of normal tissue \[[@CR1]\]. In the clinic, many methods including surgery, triamcinolone injection, and radical therapy have been used to treat keloids, but none of them have proven to be efficacious therapies and they may also give rise to new discomforts, causing discontent and complaints among patients. Better knowledge of the molecular mechanisms underlying the development of keloids would help the development of an effective therapeutic method.

Over recent decades, scientists have found that although fibroblasts isolated from keloid tissue have the same spindle-shaped morphology as normal fibroblasts, their gene expression and biological behavior are different. Keloid fibroblasts (KFs) produce more ECM, proliferate faster, and are more invasive than normal fibroblasts \[[@CR2]\]. According to published literature, the expression levels of biologically active isoforms of transforming growth factor (TGF)-β ligands and their receptors are markedly elevated in KFs. Furthermore, TGF-β plays an important role in cell proliferation and collagen synthesis in KFs, and KFs display a distinct sensitivity to TGF-β stimulation \[[@CR3]\]. In addition to the TGF-β signaling pathway, a number of other cytokines have been reported to be dysregulated in keloid pathogenesis and recurrence, such as insulin-like growth factor (IGF)-1 \[[@CR4]\] and vascular endothelial growth factor (VEGF) \[[@CR5]\]. All these secreted molecules regulate every aspect of keloid occurrence and development, including ECM production and deposition, cell proliferation, inflammation, immunoreaction, and angiogenesis. Therefore, a method which could suppress cytokine secretion or block signal transduction widely may be a good choice for curing keloids.

Since mesenchymal stromal cells (MSCs) were first identified in 1970 \[[@CR6]\], and a detailed description of their trilineage potential was revealed \[[@CR7]\], knowledge of the potential function of these cells has vastly increased. MSCs from adipose tissue may be easier to obtain and expand rapidly in vitro to generate an effective dose. As has been documented, human adipose-derived stem cells (ADSCs) have the same properties as MSCs from bone marrow \[[@CR8], [@CR9]\], and are currently being considered as potential therapeutic strategies for a number of diseases.

Methods {#Sec2}
=======

ADSC isolation and cultivation {#Sec3}
------------------------------

Human adipose tissue samples were obtained from patients who had undergone lipoplasty. After rinsing three times with phosphate-buffered saline (PBS), the adipose tissue samples were digested with 0.1% collagenase IV (Roche Diagnostic, Mannheim, Germany) for 1 h. The suspension was then centrifuged to obtain the adipose-deprived stem cells. ADSCs were cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 mg/mL streptomycin (Gibco, Invitrogen, Carlsbad, CA, USA) at 37 °C in 5% CO~2~. After the ADSCs reached 80--90% confluence, the culture medium was changed to DMEM/F12 and then, 24 h later, the medium was collected, processed by centrifugation at 300 × *g* for 5 min and filtered with a 0.22-μm syringe filter (Jet Bio-Filtration, Guangzhou, China) and stored at −80 °C. Cells at passage 2--6 were used in this experiment. All experiments are approved by Shanghai Jiao Tong University of Medicine ethics committee and all the patients had provided informed content.

Keloid scar cell isolation and culture {#Sec4}
--------------------------------------

Twelve keloids from five men and three women were obtained after excision from the corresponding sites. Samples were soaked in chloromycetin for 30 min, cut into pieces as small as possible, and then digested with 0.2% collagenase IV for 4 h at 37 °C. After centrifugation, cells were suspended in DMEM with 10% FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin at 37 °C in 5% CO~2~. Cells at passage 2--3 were used in this experiment. All these experiments were approved by Shanghai Jiao Tong University of Medicine ethics committee and all patients had provided informed content.

Flow cytometric analysis {#Sec5}
------------------------

Human ADSCs (passage 3) were harvested and washed three times in PBS. The cell suspension was incubated with fluorescein isothiocyanate (FITC)-conjugated antibodies against CD29, CD44, CD45, CD90, CD105, CD31, and CD34 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) at 37 °C for 30 min in the dark, washed, and resuspended in PBS and detected by flow cytometry (BD Biosciences, San Jose, CA, USA).

Adipogenic and osteogenic differentiation {#Sec6}
-----------------------------------------

Human ADSCs at passages 3--5 were seeded into six-well plates that were pre-coated with a 0.1% gelatin solution (Cyagen Bioscience, Inc., Guangzhou, China) at a density of 10^5^ cells per well and allowed to reach 80--90% confluence. Adipogenic differentiation was induced using a basic medium with 0.5 μmol/L dexamethasone, 0.5 mmol/L 3-isobutyl-1-methylxanthine, 0.1 mmol/L rosiglitazone, and 100 IU insulin for 2 weeks (Cyagen Bioscience, Inc., HUXMD-90031). Osteogenic differentiation was achieved by incubating the cells in basic medium containing 0.1 μmol/L dexamethasone, 50 μmol/L ascorbic acid, and 10 mmol/L β-glycerophosphate for 3 weeks (Cyagen Bioscience, Inc., HUXMD-90021). Medium was replaced every 3 days.

At the endpoint, cells were fixed with 4% paraformaldehyde in PBS for 15 min at room temperature and stained with specific Oil Red O and Alizarin Red S following the manufacturers' instructions to assess adipogenic and osteogenic differentiation, respectively. Stained ADSCs were counted under a light microscope (Olympus, Tokyo, Japan).

Indirect coculture {#Sec7}
------------------

To prepare conditioned medium (CM), human ADSCs from six individuals were cultured in DMEM/F12 for 24 h. The medium was centrifuged and the supernatant was removed without disturbing the pellet of cell debris. The conditioned medium was stored at −80 °C until use.

Quantitative real-time polymerase chain reaction (qRT-PCR) {#Sec8}
----------------------------------------------------------

qRT-PCR was performed as previously reported \[[@CR10]\]. Briefly, total RNA was extracted from KFs after 5 days of culture with ADSC-CM using an RNA isolation kit (Takara Bio, Shiga, Japan). RNA purity was evaluated by calculating the A260/A280 ratio between values of 1.8 and 2.0. The primer pairs used for gene amplification were as follows: TGF-beta1: forward AAGGACCTCGGCTGGAAGTG, reverse CCGGGTTATGCTGGTTGTA; COL1: forward GGCGGCCAGGGCTCCGACCC, reverse AATTCCTGGTCTGGGGCACC; COL3: forward TGGTGTTGGAGCCGCTGCCA, reverse CTCAGCACTAGAATCTGTCC; MMP1: forward GGAGCTGTAGATGTCCTTGGGGT, reverse GCCACAACTGCCAAATGGGCTT; MMP3: forward AGGACAAAGCAGGATCACAGTTG, reverse CCTGGTACCCACGGAACCT; GAPDH: forward TCACCATCTTCCAGGAGCG, reverse CTGCTTCACCACCTTCTTGA. The results from three independent reactions were used to determine relative gene expression, which was normalized against the expression level of GAPDH.

Cell cycle {#Sec9}
----------

KFs were collected after culture with ADSC-CM for 24 h, rinsed once with PBS, and fixed with 70% alcohol overnight. Subsequent steps were performed according to the instructions supplied with the Cell Cycle Kit (Qihai Biotechnology, Shanghai, China), and flow cytometric analyses were performed using a flow cytometer (Beckman Coulter) equipped with ModiFit LT v2.0 software.

Cell invasion assay {#Sec10}
-------------------

Once the KFs reached 90% confluence, they were collected and resuspended at 1 × 10^5^/mL in 0.5 mL ADSC-CM and the cell suspension was added to the upper chambers of 24-well transwell® plates (Merck Millipore, Darmstadt, Germany) with 1 mL DMEM containing 10% FBS placed in the lower chamber. After culturing for 24 h, the upper chamber cells were stabbed with cotton swab and the chamber were stained with DAPI, and then counted in five random fields.

Ex vivo explant culture of human keloid tissue {#Sec11}
----------------------------------------------

After harvesting excised keloid tissue under aseptic conditions, the epidermis was removed, and the remaining dermis was cut into 3 × 2 × 2 mm pieces using a scalpel. The dermal fragments were divided into two groups, seeded into 6-cm culture dishes, and cultured for 3 days in 3 mL of DMEM containing 10% FBS as described previously \[[@CR11]\]. After tissue attachment, the medium was replaced with fresh medium or conditioned medium. After culture for 8 days, the explants were collected.

Histological and immunohistochemical analyses {#Sec12}
---------------------------------------------

The keloid explant specimens were fixed in 4% paraformaldehyde at 4 °C overnight, embedded in paraffin blocks, and sectioned at 5-μm thickness. The sections were then stained with hematoxylin and eosin (H&E) for routine examination. In addition, the keloid sections were incubated with antibodies against CD31 and CD34 at a dilution of 1:500. The bound antibodies were visualized using 3,3′-diaminobenzidine (DAB) as a chromogen (Dako, Glostrup, Denmark), and the slides were counterstained with hematoxylin. The numbers of CD31^+^ and CD34^+^ vessels were evaluated in six randomly selected fields under the microscope.

Western blotting analysis {#Sec13}
-------------------------

After 24 or 48 h of coculture, total protein was extracted with RIPA lysis buffer as described previously \[[@CR12]\]. The protein bands were visualized using an enhanced chemiluminescence (ECL) detection kit (Amersham Biosciences, Chalfont St. Giles, UK). The primary antibodies used were Phospho-Akt, Akt, Phospho-Erk, Erk1/2, Phospho-JNK, JNK, Phospho-p38, p38, and GAPDH.

Statistical analysis {#Sec14}
--------------------

All data are presented as the mean ± standard deviation (SD), and statistical analyses were performed using the statistical software Statistical Package for the Social Sciences (SPSS) version 19.0. Student's *t* test was used to analyze the difference between the control and conditioned medium-cultured groups. *P* \< 0.05 was considered statistically significant.

Results {#Sec15}
=======

Characterization of ADSCs {#Sec16}
-------------------------

As reported previously \[[@CR13]\], human ADSCs displayed positive staining for the specific mesenchymal stem cell surface markers CD29 (100%), CD44 (99.4%), CD105 (85.2%), and CD90 (99.8%), and negative staining for the hematopoietic stem cell surface markers CD31 (0.1%), CD34 (0.1%), and CD45 (0.1%) (Fig. [1a](#Fig1){ref-type="fig"}). Throughout the whole incubation period, human ADSCs exhibited a typical fibroblast-like morphology (Fig. [1b](#Fig1){ref-type="fig"}). We examined the multipotential differentiation capacity of ADSCs using adipogenic and osteogenic assays. ADSCs were induced with adipogenic medium for 2 weeks and developed an adipogenic phenotype, as shown by Oil Red O staining (Fig. [1c](#Fig1){ref-type="fig"}). We also cultured ADSCs with osteogenic medium for 3 weeks and stained them with Alizarin Red S to confirm mineralization; staining indicated the presence of calcium deposits (Fig. [1c](#Fig1){ref-type="fig"}). The results demonstrated that the isolated ADSCs showed typical ADSC characteristics.Fig. 1Characterization of human adipose-derived stem cells (ADSCs). **a** Flow cytometric characterization of ADSCs. ADSCs strongly expressed CD29, CD44, CD90, and CD105, and did not express CD31, CD34, or CD45. **b** ADSCs exhibited a fibroblast-like morphology. **c** Cells were induced to differentiate into adipocytes (left panel) and osteoblasts (right panel); scale bars = 100 μm

ADSC-CM reduced the ECM-related gene expression in KFs {#Sec17}
------------------------------------------------------

Plasminogen activator inhibitor (PAI)-1 has been shown to play important roles in the progression of tissue fibrosis, and collagen accumulation can be attenuated by inhibiting PAI-1 in keloids \[[@CR14]\]. After coculture for 5 days, PAI-1 gene expression dropped to 59.12% of the control group. Increasing deposition of ECM is characterized by overexpression of COL1 and COL3, but COL1 gene expression decreased by 47.6% (Fig. [2](#Fig2){ref-type="fig"}). However, there was no significant difference in COL3 expression between the two groups. Tissue inhibitor of metalloproteinase (TIMP)1 is a glycoprotein of the TIMP family. Preliminary experiments revealed that TIMP1 may result in deposition of COL1 in keloids \[[@CR15]\]. In our study, we found that TIMP1 decreases significantly in keloids after coculture with human ADSC-CM. All the differences between the control group and the experimental group proved significant.Fig. 2ADSC-CM inhibits the gene expression of plasminogen activator inhibitor-1 (PAI-1), collagen I (COL I), and tissue inhibitor of metalloproteinase 1 (TIMP1) in keloid fibroblasts. qPCR was employed to analyze the expression of various genes in the cells that were cultured with or without ADSC-CM for 5 days. The gene expression levels are presented relative to the control (CT) level (\**P* \< 0.05)

ADSC-CM inhibited cell proliferation {#Sec18}
------------------------------------

After culturing keloids with conditioned medium for 24 h, cells in the G0/G1 phase increased and cells in the G2/M phase decreased significantly compared with the control group (Fig. [3](#Fig3){ref-type="fig"}).Fig. 3ADSC-CM inhibits keloid fibroblast proliferation. The effect of ADSC-CM on the cell cycle profiles was evaluated by flow cytometric analysis. \**P* \< 0.05, versus control

ADSC-CM eliminated cell invasion {#Sec19}
--------------------------------

Because the enhanced invasive properties of dermal fibroblasts are the critical parameters in the development of keloid disease \[[@CR2]\], we wondered whether coculture would affect the cell behavior of KFs in vitro. We found that ADSC-CM strikingly reduced the number of cells that migrated across the filter membrane to the lower surface (Fig. [4a, b](#Fig4){ref-type="fig"}). Compared with the control group, the experimental group exhibited a noticeable reduction in the number of migrated cells to approximately 25% (Fig. [4c](#Fig4){ref-type="fig"}).Fig. 4ADSC-CM depresses the invasive abilities of keloid fibroblasts. **a**, **b** As determined by transwell® assay, the migratory keloid fibroblasts were visualized by imaging the nuclei labeled with DAPI. **c** The number of migrated cells was counted in three randomly selected fields. \**P* \< 0.05, versus control (CT)

ADSC-CM depleted CD31^+^/CD34^+^ vessels and reduced collagen deposition {#Sec20}
------------------------------------------------------------------------

Compared with normal dermis or normal scars, keloids contain an increased vessel density \[[@CR5]\]. Hence, we wanted to know whether ADSC-CM could reduce angiogenic development. As expected, we observed significant decreases in the numbers of CD31^+^ and CD34^+^ vessels in the ADSC-CM group (Fig. [5](#Fig5){ref-type="fig"}). H&E results showed that collagen had been remodeled and reduced in the experimental group (Fig. [6](#Fig6){ref-type="fig"}).Fig. 5Adipose-derived stem cell-conditioned medium (ADSC-CM) reduces angiogenesis in keloid explant culture. After culturing with (**b**, **d**) or without (**a**, **c**) ADSC-CM for 8 days, the keloid explants were sectioned and subjected to immunohistochemical analysis using antibodies against CD31 (**a**, **b**) and CD34 (**c**, **d**). Brown coloration indicates positive staining of related markers. The numbers of CD31-positive endothelial cells and CD34-positive microvascular endothelial cells were counted in three randomly selected fields for each sample under a microscope. Scale bars = 100 μm. \**P* \< 0.05, versus controlFig. 6After culturing with (**b**) or without (**a**) adipose-derived stem cell-conditioned medium (ADSC-CM), sections were also subjected to H&E staining for histological analysis. Scale bars = 100 μm

ADSC-CM reduced protein expression in KFs {#Sec21}
-----------------------------------------

To further clarify the intracellular signaling pathways, the activation status of these signaling molecules was examined. We observed that the phosphorylated levels of Akt, ERK1/2, and JNK all decreased moderately after culture with ADSC-CM. However, there was no significant influence on the activation of p38 MAPK, as shown in Fig. [7](#Fig7){ref-type="fig"}.Fig. 7ADSC-CM interferes with intracellular signaling in vitro. To explore the underlying mechanism of the antifibrotic effect of ADSC-CM, the protein level was measured by Western blotting in primary keloid fibroblasts (left panel). Gene expression of transforming growth factor (TGF)-β in the experimental and control (CT) groups (right histogram). \**P* \< 0.05, versus control

Discussion {#Sec22}
==========

The pathobiology of keloid formation is not completely understood. Some hypotheses have been proposed for the etiology of keloids. As reported in the literature, keloids exhibit ethnic differences in occurrence and frequently occurs in those of Afro-Caribbean or south Indian origin which suggests a genetic factor in keloid etiology \[[@CR16], [@CR17]\]. However, there are no reports of any linkage genes in the incidence of keloid disease so far. At the same time, studies have found that keloid development is complex, without specific factors being identified. All these factors have caused difficulties in finding an effective way to treat keloids.

In addition to some traditional therapies, there are many new therapeutic approaches, such as stem cell therapy, that have brought new hope for the management of keloids. Recent studies have shown that MSCs can regulate the wound-healing process and prevent scar formation in keloid development, suggesting that they may have a promising therapeutic role in keloids. The paracrine role of MSCs is also attracting particular attention for a therapeutic effect on wound healing, tissue repair, and scar remodeling \[[@CR18]\].

Compared with other MSCs, ADSCs are rich in resources and have the same characteristics as MSCs. Furthermore, studies show that ADSCs facilitate wound healing, inhibit hypertrophic scar fibroblast proliferation, and attenuate wound inflammation. Taken together, this evidence suggests that ADSCs may play a great role in inhibiting keloid fibroblast proliferation and ECM formation. Our team planned to explore this puzzle in this work.

Human ADSCs exhibit fibroblastic and spindle-shaped morphology, and co-express several mesenchymal markers such as CD29, CD44, and CD90. As in a previous study \[[@CR19]\], we confirmed that ADSCs could also transdifferentiate into adipocytes and osteoblasts, demonstrating their potential multilineage differentiation abilities. ADSC-derived paracrine molecules have therapeutic potential in keloids.

As mentioned above, the etiology of keloid formation is complex and involves many participating factors. TGF-β1 is recognized as the main factor in promoting keloid formation to date. Furthermore, ECM deposition is a characteristic pathological feature of keloids. Recent reports show that human ADSCs could ameliorate TGF-β1-induced fibrotic changes by significantly decreasing submucosal fibrosis and COL1 expression \[[@CR20]\]. In our study, ADSC-CM not only significantly decreased gene expression of TGF-β1, but also attenuated ECM-related COL1 gene expression in keloid fibroblasts. In an in vitro experiment, the structure of collagen was found to become thinner and more orderly after culture with ADSC-CM. Taken together, the data from in vitro and in vivo studies show that ADSC-CM plays a part in reducing ECM formation of keloids especially with respect to COL1.

However, previous studies have reported that ADSC-CM can promote fibrosis \[[@CR21], [@CR22]\], which is in contrast to our results. The reason for this may be attributed, to some extent, to the growth conditions of ADSCs and fibroblasts, and different concentrations of ADSC-CM in the mixed medium. ADSC-CM promotes fibroblast proliferation and fibrosis only under normal conditions and inhibits the process under profibrotic conditions, which can explain this discrepancy. Besides, keloid fibroblasts are different from normal fibroblasts with regard to gene expression and growth pattern.

TIMP1 is a glycoprotein of the TIMP family \[[@CR23]\]. TIMP1 is one of the important regulators of ECM degradation and remodeling. Studies show that small interfering (si)RNA knockdown of TIMP1 in keloid fibroblasts leads to degradation of COL1 \[[@CR24]\]. In our study, ADSC-CM significantly reduced gene expression of TIMP1 by 63.05 ± 10.87%. PAI-1, also known as endothelial plasminogen activator inhibitor, is the principal physiological inhibitor of the plasminogen activator/plasmin protease system \[[@CR25]\]. Increased PAI-1 activity has been noted in tissue fibrosis, especially in keloid tissue where PAI-1 was dramatically increased \[[@CR26]\]. Emerging evidence demonstrates that the relationship between PAI-1 and collagen accumulation is an important mechanism in the development of keloids \[[@CR27], [@CR28]\]. In our experiments, PAI-1 gene expression was inhibited by ADSC-CM, showing a decrease of 40.88 ± 1.77%. Reduced PAI-1 and TIMP-1 gene expression may well show that ADSC-CM can reduce ECM deposition by keloids by regulating collagen degradation and associated gene expression.

Keloid fibroblasts are characterized by a high proliferation capacity and more aggressive properties \[[@CR5]\]. As our results show, experimental group fibroblasts were significantly inhibited at the G1 stage of the cell cycle, which implies that ADSC-CM could attenuate keloid fibroblast proliferation. As shown in Fig. [2](#Fig2){ref-type="fig"}, keloid fibroblasts in the control group migrated across the bottom of the chamber more than in the experimental group, and the difference between the two groups was statistically significant.

Histologically, keloids contain an increased blood vessel density compared with normal dermis or normal scars \[[@CR29]\]. To better mimic the in vivo response to ADSC-CM, human keloid explants were embedded and sectioned for further analyses. As expected, we observed reduced cellularity and microvasculature in ADSC-CM-treated tissue sections. Quantification data revealed that approximately 55% of CD31^+^ cells were reduced by ADSC-CM. Meanwhile, microvascular endothelial cells noticeably declined to 57% in the papillary and reticular dermis, as visualized by CD34^+^ immunostaining.

Recently, scientists have paid more attention to the function of MSCs in inhibiting fibrosis. Similarly, we anticipated that ADSC-CM would contain more factors which could have the potential to inhibit keloid growth. Our results have proved that ADSC-CM can inhibit keloid fibroblast proliferation and reduce ECM-related gene and protein expression.

In summary, we have shown that the blockade of TGF-β/Smad and MAPK/ERK signaling pathways by ADSC-CM can effectively inhibit the proliferation, migration, cellular invasion, and ECM accumulation of KFs and concomitantly reduce the expression of inflammatory cytokines and inhibit angiogenesis, suggesting that ADSC-CM may be an attractive therapeutic intervention in the clinical setting of keloid disorder.

Conclusions {#Sec23}
===========

Our research revealed that ADSC-CM downregulated the extracellular matrix-related gene expression of PAI-1, TIMP-1, and COL1 and inhibited the expression of cell proliferation proteins. Consequently, ADSC-CM attenuated the bioactivities of KFs, providing novel treatment strategies for keloids.
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